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Detailed Spanish records of cinnabar mining and mercury production during the colonial period in Huancavelica,
Peru were examined to estimate historical health risks to the community from exposure to elemental mercury
(Hg) vapor resulting from cinnabar refining operations. Between 1564 and 1810, nearly 17,000 metric tons of Hg
were released to the atmosphere inHuancavelica fromHgproduction. AERMODwas usedwith estimated emissions
and source characteristics to approximate historic atmospheric concentrations of mercury vapor. Modeled 1-hour
and long-term concentrations were compared with present-day inhalation reference values for elemental Hg. Esti-
mated 1-hour maximum concentrations for the entire community exceeded present-day occupational inhalation
reference values, while some areas closest to the smelters exceeded present-day emergency response guideline
levels. Estimated long-term maximum concentrations for the entire community exceeded the EPA Reference Con-
centration (RfC) by a factor of 30 to 100, with areas closest to the smelters exceeding the RfC by a factor of 300 to
1000. Based on the estimated historical concentrations of Hg vapor in the community, the study also measured
the extent of present-day contamination throughout the community through soil sampling and analysis. Total Hg
in soils sampled from 20 locations ranged from 1.75 to 698mg/kg and three adobe brick samples ranging from
47.4 to 284mg/kg, consistent with other sites of mercury mining and use. The results of the soil sampling indicate
that the present-day population of Huancavelica is exposed to levels ofmercury from legacy contaminationwhich is
currently among the highest worldwide, consequently placing them at potential risk of adverse health outcomes.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Huancavelica, Peru

Colonial cinnabar mining began in Peru at the Santa Barbara Hill
near Huancavelica in 1564. Colonial miners and refiners initially
exported mercury to New Spain, present-day Mexico, where silver
production through mercury amalgamation began in the 1550s
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(Cooke et al., 2009; Robins, 2011). The introduction of the amalgam-
ation system to the Andes in the 1570swas accompanied by the impo-
sition of the mita system of forced, fixed term indigenous labor. The
ranks of these forced workers declined steadily throughout the colo-
nial era as a result of metal toxicity and flight from service which left
the surrounding provinces largely depopulated (Robins, 2011).

Mercury refining involved the extraction and crushing of ore, and
its subsequent smelting in which the mercury was volatized, collect-
ed and ultimately shipped in liquid form to Andean silver mining cen-
ters, the most famous of which was Potosí in present-day Bolivia.
Broken cinnabar ore was fired on a grate which stood approximately
two to three meters off the ground in a conical roofed chamber to
which it was connected to condensation tubes that passed through
water on their way to a point of collection. After about four hours of
combustion, draft laborers closed the air supply and were to allow
the smelter to cool for about 24 h. They would then enter the
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chamber to collect the mercury on the ceiling and in the ash which
had not passed through the condensation system. Despite their utili-
ty, the smelters in Huancavelica were inefficient, and mercury vapor
and liquid regularly escaped from the poorly sealed joints, which
was exacerbated by overheating of the ovens (Robins, 2011).

Based on colonial records of production levels of mercury in
Huancavelica, an estimated 17,000 metric tons of mercury vapor es-
caped the smelters between 1564 and 1810, which potentially depos-
ited in the surrounding area (Robins and Hagan, 2012). An average of
69 metric tons of mercury per year was emitted to Huancavelica's at-
mosphere. As a comparison, Telmer and Viega (2008) estimated that
350 metric tons of mercury is emitted globally each year from arti-
sanal and small scale gold refining.
1.2. Health effects from mercury exposure

While individual sensitivity to mercury exposure varies,
mercury poisoning may limit immune response and increase vul-
nerability to allergies and infections (ATSDR, 1999). Chronic ele-
mental mercury poisoning produces physical symptoms which
include tremors, pallidity, gum discoloration, loose teeth, exces-
sive salivation, gingivitis, anemia, difficulty speaking, lack of ap-
petite, and loss of muscular control. Such symptoms are often in
concert with clinical and subclinical neuropsychological effects
which may be persistent and in some cases irreversible. These in-
clude personality changes, irascibility, impatience, hypercriticism,
shyness, depression, anxiety, loss of memory, obsessive–compulsive
disorders, and problems concentrating and making decisions (U.S.
EPA, 1997).
1.3. Comparison of global soil mercury contamination

The extent of soil mercury contamination from mining activi-
ties has been well-documented (see Table 5). Locations such as
Almadén, Spain and Idrija, Slovenia were the largest mercury
mines in the world, and the legacy of contamination still remains
a large concern even after mining has ceased. The Santa Barbara
mine near Huancavelica was another major site for mercury min-
ing, but the distinction of this area is that much of the ore process-
ing occurred in Huancavelica, a town that is densely populated by
residents who remain largely unaware of the levels of mercury in
the soil of their community.

Native soil contains both organic and inorganic species of mercury
resulting from anthropogenic and natural releases into the environ-
ment, coupled with microbial and chemical activity in the soil. Be-
cause of potential human health and environmental risks, mercury
is typically regulated by many government agencies. Mercury can
be speciated in soil, but elemental mercury is the primary target of
government regulations and management activities. All species of
mercury pose a health and environmental risk, with organic species
of mercury posing a greater health risk than inorganic species
(Revis et al., 1990).

To our knowledge, this is the first study of widespread histori-
cal and present-day mercury contamination within the city of
Huancavelica, Peru. Through use of an air dispersion model, this
study aims to estimate historical health risks to the community
from exposure to elemental mercury vapor resulting from cinna-
bar refining operations during the colonial period. Based on the
estimated historical concentrations of mercury vapor in the com-
munity, the study also measured the extent of present-day con-
tamination throughout the community through soil sampling and
analysis. The results of this study will serve as the foundation for
future research efforts of human exposures to historical mercury
contamination in the city, particularly residential exposure.
2. Methods

2.1. Emission data

Spanish records of mercury produced in Huancavelica in 1680, a
year representative of high production, were evaluated. Mercury
emission rates, Em, (in grams per mill per second) were estimated
from the mercury produced in Huancavelica and registered with the
colonial government using Eq. (1) for mills within the city.

Em ¼
Hgreported

1−c

� �
1

1−V1

� �
� V2

n� t
ð1Þ

The total mass of reported mercury production, Hgreported, for 1680
was 594 metric tons. Taking into account widespread unregistered
production (or contraband, c, which is the fraction of the total mercu-
ry produced in the mills and not reported to the government, approx-
imately 25%) in Huancavelica, we estimated that 792 metric tons of
mercury was actually produced in the city in 1680. A range of contra-
band has been estimated to be from 10% to 66%, depending on the
time period. A thorough review of the literature provides evidence
of a more reasonable range of 25% to 30% for the percentage of contra-
band (Robins, 2011). A volatilization fraction, V1, of 25% was used to
account for the total amount of mercury vapor released from the re-
fining of reported and contraband cinnabar. This results in the
1056 metric tons of cinnabar ore that was available for refining at
the beginning of the process. A second volatilization fraction, V2, of
25% was used to estimate the total amount of mercury vapor released
from the refining of 1056 metric tons of cinnabar ore, which equals
264 metric tons of mercury vapor. This volatilization fraction (V2) is
consistent with other values in the literature, including a recent
study of 22 Chinese artisanal smelters that found a mean emission
rate just under 20% (Li et al., 2008a). The total emissions were distrib-
uted equally among the number of mills in the city (n, 13 mills in
1680) and adjusted for units of time, t. This resulted in an emission
rate, Em, of 0.64 gof mercury per mill per second for 1680.

2.2. AERMOD

This study employed AERMOD, a plume dispersion and air quality
model developed by the American Meteorological Society (AMS) and
the United States Environmental Protection Agency (U.S. EPA).
AERMOD predicts plume dispersion and ambient air concentrations
at various distances from the source on the basis of source character-
istics including meteorological conditions, emissions temperature,
exit velocity and stack height and diameter (U.S. EPA, 2009a).
AERMOD was used as a primary tool for a first approximation of the
distribution of present-day soil contamination resulting from the re-
lease of mercury vapor during cinnabar refining.

AERMOD input data are usually derived from preprocessors
AERMAP and AERMET. AERMAP provides geographical information, in-
cluding elevation data. Although located in a mountainous region, the
city of Huancavelica itself lies in a steep valley and the terrain of the val-
ley floor is essentially flat. Considering the gentle slopes and low level
emission releases, the terrain within the city is not expected to affect
the concentrations; therefore, AERMAPwas not utilized in this exercise.
AERMET typically provides the meteorological data, which generally
utilizes one tofive years of hourlymeasuredmeteorological data to gen-
erate the files necessary to run AERMOD. Because long-term meteoro-
logical measurements were lacking for Huancavelica, AERMET was not
used in this exercise. Instead, MAKEMET (U.S. EPA, 2010) was used to
generate a matrix of meteorological conditions based on a minimum
number of inputs, including ambient temperature range and land sur-
face characteristics. AERMODwas used with MAKEMET meteorological
data and the resulting air concentration estimates for the 1806 receptor
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sites (50 m spacing) within Huancavelica are 1 hour (1-h) concentra-
tions. The 1-h concentrations were extrapolated to long-term concen-
trations by applying a conversion factor of 0.08 (NRC, 1994).

AERMOD was run using flat terrain, rural dispersion, and all regula-
tory default options except by-pass date checking for non-sequential
meteorological data file, which accounted for the use of MAKEMETme-
teorological data rather thanHuancavelica-specificmeteorological data,
which is unavailable for the colonial period. Source characteristics were
derived from archival documents and images (Hagan et al., 2011;
Robins, 2011), as well as from firsthand assessments of smelter ruins.

2.3. Present-day soil mercury concentrations

Total mercury concentrations were measured in soil samples col-
lected in the Huancavelica community. The AERMOD results suggest a
distribution of modeled historical mercury air concentrations across
the Huancavelica community, declining with distance from smelter
sources. Sampling locationswere selected based in part on the expertise
of a local archeologist and historical maps of the locations of the histor-
icalmill sites. In June 2009, soil sampleswere collected fromfifteen sites
located 350 m to 750 m apart to evaluate the extensive distribution of
total mercury in present-day soils. At each site, three replicate samples
were collected from the top 2.5 and 7.5 cm of soil within a 1-m2 area.
Adobe brick samples (X, Y, Z) were also taken from three homes in
2009 by scraping the sample from exposed exterior adobe brick. In
August 2010, five additional sites (K, L, M, N, O) were sampled at a
depth of 2.5 and 7.5 cm. Samples were taken from soil that either
appeared undisturbed or from depths that would eliminate concern
about soils thatwere not original to Huancavelica. Notes were taken re-
garding characteristics of each sample location, indicating any soil that
may have been brought from another location and used as fill. All sam-
ples were stored in polypropylene centrifuge tubes in a sealed plastic
container for transport. Samples were stored in the laboratory at 4 °C
until analysis.

In the 2010 field survey, in-situ gaseous elemental mercury (Hg0)
measurements were also collected at five sampling sites (K, L, M, N,
O) using a handheld mercury vapor analyzer (Jerome J405, Arizona
Instruments). Prior to sampling the soil, four consecutive mercury
vapor measurements were collected at one m above the ground.
Here we report the data as an average±1 standard deviation of the
four measurements. The detection limit for this instrument is approx-
imately 0.5 μg/m3; thus, concentrations below this value were treated
as zero in the averaging of data.

Total mercury concentrations in soil and adobe samples collected in
2009 were estimated by direct thermal decomposition, amalgamation,
and atomic absorption spectrophotometry (Milestone DMA-80, EPA
Method 7473; U.S. EPA, 1998). Instrument calibrations were performed
with an acidified mercuric nitrate stock solution and verified with a
NIST-certified standard referencematerial (2709San Joaquin soil). The re-
covery of total mercury in the standard reference material (SRM) was
106%. Samples with concentrations greater than 125 mg/kg were first
digested by hot plate extraction in 1:1 HCl:H2SO4 for at least 1 h. After di-
gestion, the extract was diluted in 0.5% bromine monochloride and ana-
lyzed by the DMA-80. Analysis of the NIST 2709 SRM by HCl–H2SO4

acid digestion resulted in mercury recoveries that were 93% of certified
mercury concentrations.

Total mercury concentrations in soil samples from the 2010 field
survey were determined with a slightly different approach. Some of
the 2009 soil samples were beyond the range of detection for the
Milestone DMA-80 and required digestion prior to analyses. Through
the acquisition of an automatic cold vapor atomic fluorescence spec-
trometry instrument after the analysis of the 2009 soil samples, it
was possible to measure total mercury by the digestion method for
all 2010 samples. The samples were first digested by hot block extrac-
tion in 4:1 HCl:HNO3 at 85 °C for 5 h. After digestion, the extract was
diluted in 0.5% bromine monochloride and then analyzed for mercury
content by stannous chloride reduction, gold amalgamation, cold
vapor atomic fluorescence spectrometry (Brooks Rand MERX-T; EPA
Method 1631; U.S. EPA, 2002). Instrument calibrations were per-
formed with an acidified mercuric nitrate stock solution. The recovery
of mercury from HCl–HNO3 digested NIST 2709 was 120% of certified
mercury concentrations. Recovery of mercury from the NIST 2709
SRM was within the acceptable range of the certified value for both
analysis methods.

Subsamples of the soils were dried at 101 °C and weighed for de-
termination of wet/dry weight ratio. All concentrations are reported
on a dry weight basis and represent the average total mercury con-
centrations of triplicate samples collected at each location.

Two soil samples and two adobe samples were also analyzed for
mercury speciation using a previously established sequential extrac-
tion technique (Bloom et al., 2003). In summary, the procedure in-
volves stepwise extraction of mercury from a soil sample that is
exposed to the following reagents (listed in sequential order):
deionized water, 0.1 M acetic acid+0.01 M HCl (pH 2), 1 M KOH,
12 M HNO3, and 10 mL HCl+3 mL HNO3. The dissolution of mercury
in a respective leaching solution provides empirical information re-
garding chemical reactivity of the mercury and information toward
mercury speciation. Soils were mixed end-over-end for 18 h in each
reagent. After mixing, the samples were centrifuged to separate the
leachate from the sample. Leachates were decanted, filtered (0.4 μm),
and preserved with 0.5% BrCl (v/v) until analysis for total mercury. The
sum of mercury over the five extraction solutions relative to the total
Hg content (quantified directly by HCl/HSO4 digestion) varied widely
between the four samples (from 116% to 226%).

2.4. Soil characteristics

2.4.1. Compositing samples
Due to limited sample mass, soils were composited for analysis of

pH, carbon content, and texture. Huancavelica 2009 samples were
composited by depth (0–2.5 cm and 2.5–7.5 cm) for each of five sam-
pling locations along 3 transects to yield 15 samples for analysis.
Where possible, 0.25 g from six field replicates collected at each tran-
sect point was combined to yield a 1.5 g composite sample. For the
2009 adobe samples, enough material was collected to measure
three field replicates individually for pH and total carbon. The adobe
field replicates were composited for texture analysis.

Huancavelica 2010 samples were of sufficient mass to measure pH
and total carbon at 0–2.5 cm and 2.5–7.5 cm depths at each of the five
points along the transect. For texture analysis, the depths were
composited to yield five measurements along the transect.

2.4.2. Sieving and grinding
All Huancavelica 2010 samples were air-dried and sieved (ASTM

#10 sieve) prior to pH and texture analysis. All 2009 and 2010 sam-
ples were pulverized with an agate mortar and pestle prior to total
carbon analysis.

2.4.3. pH
Soil pHwasmeasured in 0.01 MCaCl2 using a 10:1 SSR on a Beckman

Model 360 pH Meter (Beckman Instruments, Fullerton, CA) standard-
ized on 4 and 10 buffers (Hendershot et al., 1993).

2.4.4. Organic carbon
To estimate soil organic carbon, samples were analyzed for total car-

bon on a ThermoQuest Flash EA1112 Elemental Analyzer (ThermoQuest
Italia,Milan, Italy) before and after dry-ashing at 550 °C for four hours in
a Thermo Fisher ScientificModel F6020C Furnace (Thermo Fisher Scien-
tific, Asheville, NC). Soil organic carbon was calculated as the difference
in total carbon between ashed and unashed samples. Complete recovery
of inorganic carbon was verified by measuring total carbon on ashed
CaCO3 (McGill and Figueiredo, 1993). A subset of sampleswere analyzed



Table 1
Inhalation reference values for elemental mercury vapor (adapted from U.S. EPA,
2009b).

Reference value type/name Reference value (mg/m3)

Acute
AEGL-3 (1-h) 8.9
AEGL-2 (1-h) 1.7
NIOSH Ceiling (10-min) 0.1
NIOSH REL (10-h TWA) 0.05
CalEPA REL (1-h) 0.0006

Chronic
EPA RfC 0.0003
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for total carbon in duplicate. Relative standard deviations ranged from
0.03% to 1.7%.

2.4.5. Texture analysis
Percent sand, silt, and clay were estimated gravimetrically by the

pipette method on 25 g composite samples using Calgon (Benckiser
Consumer Products, Greenwich, CT) as the chemical dispersing
agent and an ELE International stirrer (Soiltest Products Division,
Lake Bluff, IL) for mechanical dispersion (Gee and Or, 2002). The mea-
surements were performed only once per location (due to limited
sample mass). However based on our previous experience with the
instrumentation and soils of similar texture, we expect the relative
Fig. 1. Estimated 1-h ambient air mercury concentrations for Huancavel
standard deviations to be approximately 10% of the clay fraction
and 2% of the sand fraction.
3. Results

3.1. Dispersion model estimates and health reference levels

Drawing from the relevant scientific literature, federal, state and
professional organizations have developed reference values for inha-
lation exposure to elemental mercury vapor for the general public, as
well as for occupational and emergency response settings (U.S. EPA,
2009b). These reference values reflect different durations of expo-
sure, and generally include uncertainty factors to ensure that target
populations, such as individuals with pre-existing conditions, chil-
dren, or the elderly, are protected. This study utilizes the following
acute inhalation reference values for comparison to short-term ambi-
ent concentration estimates: the California Environmental Protection
Agency (CalEPA) Acute Reference Exposure Level (REL) for 1-h expo-
sures, the National Institute for Occupational Safety and Health
(NIOSH) Recommended Exposure Limit (REL) for 10-h exposures,
the NIOSH Ceiling value for 10-min exposures, and the Acute Expo-
sure Guideline Levels (AEGLs) for 1-h exposures. Long-term ambient
air concentration estimates were compared to the U.S. EPA Reference
Concentration (RfC).
ica in 1680 and comparison with acute inhalation reference values.
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AEGL values concern “once-in-a-lifetime” emergency response expo-
sure scenarios for the general public. The AEGL-2 is a level above which
irreversible health effects or limitations on the ability to escape may re-
sult, while exposures exceeding the AEGL-3 levels may be lethal (NRC,
2001). The NIOSH Ceiling value reflects a level that should never be
exceeded during a 10-h work day in a 40-h work week (NIOSH, 2006).
The CalEPA Acute (1-h) REL is “the concentration level at or below
which no adverse health effects are anticipated for a specified exposure
duration” and “are designed to protect the most sensitive individuals in
the population by the inclusion of margins of safety” (OEHHA, 2008).
The U.S. EPA RfC is a value for chronic exposure and “is an estimate
(with uncertainty spanning perhaps an order of magnitude) of continu-
ous inhalation exposure to the human population (including sensitive
subgroups) that is likely to be without an appreciable risk of deleterious
effects during a lifetime” (U.S. EPA, 1995a). Present-day inhalation refer-
ence values used in this study are shown in Table 1.

Mercury ambient air concentration estimates for 1680 were com-
pared with present-day inhalation reference values for elemental
mercury vapor to characterize historical risk potential. The entire
community of Huancavelica was estimated to have experienced max-
imum 1-h concentrations of mercury that exceeded present-day in-
halation reference values, as shown in Fig. 1. The entire community
of Huancavelica was also estimated to have exceeded the NIOSH Ceil-
ing value, while some of the areas closest to the mercury refining
mills exceeded the AEGL-2 value.
Fig. 2. Estimated long-term ambient air mercury concentrations for Huancavelica in 1680 a
sampling site corresponding to data in Tables 2–4; number is average total mercury concen
Maximum long-term mercury concentrations were estimated by
multiplying the 1-h estimated mercury concentrations by 0.08 (NRC,
1994) and compared with the EPA RfC, as shown in Fig. 2. The entire
community was estimated to have exceeded the RfC by a factor of 30
to 100. Areas closer to the sources, within approximately 300 m of the
mercury smelters, were estimated to have exceeded the RfC by a factor
of 100 to 300. The areas closest to the smelters (within about 100 m)
were estimated to have exceeded the RfC by a factor of 300 to 1000.

3.2. Present-day soil measurements

The AERMOD results suggested a distribution of steeply increasing
atmospheric mercury concentrations with proximity to smelters. The
geographic variability of mercury concentration in sampled soils (rang-
ing from 1.75 to 698 mg/kg) generally followed a similar trend to the
modeled distribution (Fig. 2). The average mercury concentration in
soils from the reference site, Sucre, a non-mining city in Bolivia, was
0.041±0.021 mg/kg (n=10), 30 to 35,000 times lower than the con-
centrations in the soils of Huancavelica. The locations of the sampling
sites are shown in Fig. 2, along with the estimated long-term mercury
concentrations from AERMOD.

Mercury speciation was assessed by sequential selective extrac-
tions in two soil samples (locations H and I in Fig. 2) and two adobe
brick samples (locations X and Z in Fig. 2). The selective extraction re-
sults (shown in Table 2) demonstrated that 90–97% and 91–93% of
nd comparison with EPA Reference Concentration; sampling locations (letter indicates
tration).

image of Fig.�2


Table 2
Selective extractions of Hg from two soil samples (H, I) and two adobe brick samples (X, Z).

mg/kg Hg leached in each reagent (% of total)

Sampling
site

Extraction 1:
deionized
water

Extraction 2:
0.2 M acetic
acid (pH 2)

Extraction 3:
1 M KOH

Extraction 4:
12 M HNO3

Extraction 5:
aqua regia
(HCl+HNO3)

H 0.3 (0.1) 0.0 (0.0) 3.7 (1.5) 20 (8.1) 230 (90)
I 0.6 (0.0) 0.0 (0.0) 8.8 (0.6) 32 (2.0) 1600 (97)
X 0.3 (0.1) 0.1 (0.0) 3.9 (1.2) 15 (4.8) 300 (94)
Z 0.5 (0.1) 0.7 (0.2) 22 (5.2) 14 (3.2) 390 (91)

Table 4
Soil texture.

Sample ID Sample
type

% clay
(b2 μm)

% silt
(2–50 μm)

% sand
(>50 μm)

K Soil 5.5 49.6 44.9
L Soil 3.1 27.2 69.7
M Soil 4.7 24.6 70.8
N Soil 3.1 16.3 80.5
O Soil 3.5 18.2 78.3
X, Y, Z (composite) Adobe 6.0 20.8 73.2
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mercury in soil and adobe brick samples, respectively, were extracted
in the final step (F5 aqua regia step) and a smaller amount extracted
in the third and fourth steps (F3 KOH and F4 nitric acid steps), as
shown in Table 2. These results suggest that a large proportion of
the mercury in the soil and adobe brick samples are in sulfide mineral
phases, such as cinnabar and metacinnabar, minerals that are chemi-
cally inert under most pH conditions and are soluble only with aqua
regia (Bloom et al., 2003). The samples also contained approximately
1.5 to 6% organic carbon (Table 4); thus a smaller portion of the mer-
cury could also be in the form of Hg bound to organic matter, which is
expected to dissolve in the F3 step.

The selective extractions also resulted in 2% to 8% of the total
leached in the F4 nitric acid step, which coincides with the step for ele-
mental mercury (Bloom et al., 2003). The possible presence of elemen-
tal mercury in the soil was also supported by detectable quantities of
gaseous elemental mercury (up to 2 μg/m3) during the 2010 sampling
event (Table 3). These measurements were collected directly above
the soil by a handheld sensor that ismost sensitive toHg0. For reference,
the background ambient air concentration of Hg0 in the SouthernHemi-
sphere is around 0.0009 to 0.0012 μg/m3 (Working Group on Mercury,
2001) gaseous Hg0 and measurements above 0.5 μg/m3 would be
expected if there were a direct source of Hg0 to the air.
Table 3
Total Hg content and soil characteristics for sample sites in Huancavelica, Peru. All samples w
in August 2010.

Sample site ID Sample type Total Hg in soil or
adobe (mg/kg)a

Hg0 vapor 1 m
above soil (μg/m3

A Soil 34.4±4.65 (n=3) NA
B Soil 2.54±0.490 (n=3) NA
C Soil 16.9±16.9 (n=3) NA
D Soil 72.6±37.0 (n=3) NA
E Soil 348±60.8 (n=3) NA
F Soil 1.75±1.05 (n=6) NA
G Soil 698±451 (n=3) NA
H Soil 175±35.9 (n=3) NA
I Soil 689±23.3 (n=3) NA
J Soil 12.2±16.3 (n=5) NA
K Soil 13.8±2.74 (n=3) 0.4±0.5
L Soil 104±21.2 (n=2) 0.5±1.0
M Soil 97.9±11.3 (n=3) 1.3±0.4
N Soil 128±47.2 (n=2) 1.0±0.3
O Soil 32.0±17.3 (n=2) 1.9±0.4
P Soil 4.40±1.72 (n=6) NA
Q Soil 168±131 (n=6) NA
R Soil 10.5±2.21 (n=3) NA
S Soil 98.1±51.0 (n=6) NA
T Soil 28.0±10.8 (n=6) NA
X Adobe 244 (n=1) NA
Y Adobe 47.4 (n=1) NA
Z Adobe 284 (n=1) NA

NA: data not available.
a Average (±1 standard deviation) of total Hg samples in soil or adobe samples (n=num
b Average (±1 standard deviation) of 4 mercury vapor measurements taken about 1 m a
c Average (±1 standard deviation) of pH for measurements performed in duplicate (n=
d Percent total carbon; average (±1 standard deviation) of %TC for measurements perfo
e Percent inorganic carbon.
f Percent organic carbon.
Soil characteristics and texture are shown in Tables 3 and 4, re-
spectively. The pH ranged between 4.56 and 7.59 (6.98±0.63; aver-
age±1 SD) for soil samples and 6.75 and 6.98 (6.86±0.12) for
adobe brick samples. The total carbon in the soil samples was deter-
mined to be 5.69%TC±2.83, with organic carbon making up 2.69±
1.70% and inorganic carbon making up 3.00±2.99%. Adobe brick
samples contained 1.18±0.53%OC, with organic carbon making up
1.11±0.47% and inorganic carbon making up 0.07±0.06%. The tex-
tures of the soil samples were 4.0±1.1% clay, 27.2±13.3% silt, and
68.8±14.2% sand. The textures of the adobe brick composite sample
were 6.0% clay, 20.8% silt, and 73.2% sand.

4. Discussion

4.1. Comparison of AERMOD concentration estimates to inhalation
health effect reference values

To the best of our knowledge, this is the first study that compared
estimated historical mercury ambient air concentrations with present-
day inhalation reference values for elemental mercury vapor in order
to estimate potential health risks from historical exposure to mercury
refining in Huancavelica. The entire community of Huancavelica was
ere collect in June 2009, except for five samples (K, L, M, N, and O) that were collected

)b
pHc %TCd %ICe %OCf

4.56 6.90±0.014 (n=2) 0.02 6.88
6.27 5.73 0.13 5.59
7.21±0.021 (n=2) 6.99 4.95 2.04
6.95 6.83 3.47 3.36
7.19 1.71 0.23 1.48
7.13 2.65±0.001 (n=2) 0.81 1.84
6.97 2.82 0.16 2.66
7.29 3.95±0.017 (n=2) 1.56 2.40
7.14 8.07 3.83 0.74
6.53 4.57±0.058 (n=2) 1.81 6.26
7.45 7.25 5.13 2.12
7.18 9.41±0.880 (n=2) 7.23 2.18
7.39±0.007 (n=2) 8.63±0.003 (n=2) 7.30 1.33
7.59 7.40 5.01 2.39
6.97±0.067 (n=2) 3.72 1.88 1.84
6.82 3.31 0.05 3.26
7.19 0.82 0.49 0.33
7.45 12.2±0.006 (n=2) 10.7 1.51
7.05 6.20 2.68 3.52
6.97 3.15 0.31 2.84
6.85±0.014 (n=2) 1.66 0.14 1.52
6.75 0.62±0.011 (n=2) 0.02 0.59
6.98 1.26 0.04 1.22

ber of replicate samples at each location).
bove the ground before soil samples were collected.
number of replicate measurements).
rmed in duplicate (n=number of replicate measurements).
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estimated to have been exposed to concentrations above the NIOSH
Ceiling of 0.1 mg/m3 for a 10-min duration, a value that should not be
exceeded at any time. Areas closest to the mercury smelters were
estimated to have experienced concentrations above 1.7 mg/m3, there-
fore exceeding the 1-h AEGL-2 value. Concentrations greater than the
AEGL-2 can cause irreversible health effects; the AERGL-2 for elemental
mercury was based on the potential to cause developmental effects and
fetal toxicity.

The values used in this comparison range from 10-min to 1-h ex-
posure durations and include values that are generally used in occu-
pational and emergency response settings. In contrast, mercury
smelters in Huancavelica were operating 24 h a day throughout
most of the colonial period. The workers in the mercury smelters
often lived near the mills, as did other members of the community,
exacerbating exposures.

Estimates of maximum long-term mercury concentrations were
extrapolated from the estimated 1-h maximum mercury concentra-
tions. These values were compared with the EPA RfC of 0.0003 mg/m3

for chronic exposure, which was based on clinical observations of
neurological effects (e.g., hand tremor andmemory disturbances) in ex-
posed humans after application of a factor of 30 to account for suscepti-
ble individuals and for potential unknowns. The entire community of
Huancavelica was estimated to have experienced levels of elemental
mercury vapor that exceeded the RfC by a factor of 30 to 100. Areas
within approximately 300 m of the mercury smelters exceeded the
RfC by a factor of 100 to 300, while even closer to the sources the RfC
was exceeded by a factor of 300 to 1000. Taken together, these historical
populations were exposure to mercury at or above levels where effects
were clinically observed in the population on which the RfC was based.

4.2. Present-day soil measurements

Measured present-day soil concentrations in Huancavelica are
shown in Fig. 2 on the map of estimated long-term historical atmo-
spheric mercury concentrations. In a previous study using AERMOD to
estimate historic atmosphericmercury concentrations in Potosí, Bolivia,
present-day soil measurements demonstrated a concentration gradient
Table 5
Comparison of total mercury concentrations in soils from mercury mining districts, location

Location No. of sampling
locations

Range
(total Hg, mg/kg)

Notes

Mercury mining
Almadén, Spain 10 400–1820 Average of 3 re

10 5.03–1710 Average of 5 re
at a depth of 2

16 86.5–7315 Composite of 6
at depths of 0–

3 0.13–2695 Total number
replicated; Sam

4 6–8889 Total number
Idrija, Slovenia 7 8.4–415 Composite of 5

taken 0–10 cm
56 0.4–87.6 Total of 100 sa

samples (divid
25 0.385–2759 Total of 182 sa

Huancavelica, Peru 15 1.75–698 Average of trip
at a depth of 2

Mercury use
Guizhou, China 23 0.062–0.355 Composite of 3
Potosí, Bolivia 15 0.105–155 Average of 6 re
Andacollo, Chile 6 2.5–47 Individual sam
Punitaqui, Chile 8 3.2–35 Individual sam

Background
Uncontaminated soils 0.01–0.03 Detailed inform

not provided
Non-mining town in
Bolivia (Sucre)

5 0.01–0.08 Average of dup
at depths of 2.
consistent with an air concentration gradient predicted by AERMOD
(Hagan et al., 2011). In Huancavelica, the measured soil mercury con-
centrations did not clearly demonstrate the historic atmospheric mer-
cury concentration gradient predicted by AERMOD, as was evident in
the Potosí study. We attribute these patterns to differences in distribu-
tion of smelters throughout the city and differences in source character-
istics used in the dispersion model in Huancavelica compared to Potosí.
In Potosí, the sources were generally located in a straight line through
the center of the city. Because of this location, one would expect the
concentrations to be greater closer to the source and decrease with dis-
tance. In Huancavelica, the smelters were scattered in clusters through-
out the city. Additionally, smelter characteristics in Huancavelica varied
during the colonial period. Changes in stack heights from shorter stacks
to taller stacks, along with relocation of the smelters, may also explain
why higher concentrations of mercury in soil were measured in areas
predicted by AERMOD to have lower historic atmospheric concentra-
tions of mercury. Thus, while using AERMOD to estimate the present-
day contamination from historic emissions of mercury can serve as a
useful prediction tool in some communities (e.g., Potosí), in other com-
munities, the situation may be more complicated and result in a more
variable distribution of estimated air concentrations.

The present-day measured soil mercury concentrations in
Huancavelica are similar to levels measured in soils at mercury
mining sites and locations that use or have used mercury in a pro-
duction process, as summarized in Table 5. In Almadén, Spain, the
largest cinnabar mine in the world, concentrations of soil mercury
in five studies range from 0.13 mg/kg at the lowest site to about
8900 mg/kg at the most contaminated site (Bernaus et al., 2005;
Millán et al., 2006; Conde Bueno et al., 2009; Molina et al., 2006;
Higueras et al., 2006). Idrija, Slovenia, the second largest cinnabar
mine in the world, has residual concentrations of mercury in soil
ranging from 0.385 mg/kg to nearly 2800 mg/kg (Kocman et al.,
2004; Palinkaš et al., 1995; Gnamuš et al., 2000). The range of
mercury in soil in Huancavelica is consistent with studies of the
world's two largest mercury mines.

The concentrations ofmercury in soil in Huancavelica aremuch great-
er thanmercurymeasured in soil at locations that use or have historically
s of mercury use, and background sites.

Reference

plicates; No depth information provided Bernaus et al., 2005
plicates from each location; Samples taken
5 cm

Millán et al., 2006

samples from each location; Samples taken
30 cm

Conde Bueno et al., 2009

of samples: 53; Some sample analyses
ples taken at depths of 20–30 cm

Molina et al., 2006

of samples: 67; No depth information provided Higueras et al., 2006
samples from each core sample; Core samples
(5 samples), 0–1 m (2 samples)

Kocman et al., 2004

mples taken: 52 single surface samples, 4 core
ed into 48 samples); No depth information provided

Palinkaš et al., 1995

mples taken; Samples taken at depths of 0–15 cm Gnamuš et al., 2000
licate samples from each location; Samples taken
.5 and 7.5 cm

–5 samples; Samples taken at a depth of 10 cm Li et al., 2008b
plicates; Samples taken at depths of 2.5 and 7.5 cm Hagan et al. 2011
ples; Samples taken at depths of 15–25 cm Higueras et al., 2004
ples; Samples taken at depths of 15–25 cm Higueras et al., 2004

ation of number of samples or sampling depth Senesil et al., 1999

licate samples from each location; Samples taken
5 cm and 7.5 cm

Hagan et al. 2011
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used mercury in production processes. In Guizhou, China, mercury con-
centrations ranged from 0.062 mg/kg to 0.355 mg/kg, resulting from arti-
sanal zinc smelting operations (Li et al., 2008b). Potosí, Boliviawas the site
of historic silver refining using mercury amalgamation, and although
amalgamation operations ceased in the early 1900s, present-day soil con-
centrations ofmercury ranged from 0.105 mg/kg to 155 mg/kg (Hagan et
al., 2011). In Andacollo and Panitaqui, Chile, where copper–gold–mercury
mining occurs, mercury concentrations in soil ranged from 2.5 mg/kg to
47 mg/kg and 3.2 mg/kg to 35 mg/kg, respectively (Higueras et al., 2004).

The soil results indicate that the current population of Huancavelica is
exposed to levels of totalmercury that are among the highest in theworld
as a result of historical mercury contamination. If inhaled or ingested, the
contaminated soil may present significant health effects to the residents
of Huancavelica, depending on the type of themercury present. Our anal-
ysis of the speciation of mercury in soil and adobe brick samples indicate
that a large portion of this mercury was likely an inorganicmineral phase
(e.g. cinnabar or metacinnabar) and a smaller portion in other phases
(such as elemental mercury or mercury–organic matter complexes). As
such, current residents are vulnerable tomercury exposure through inha-
lation or ingestion of mercury-bearing dust and possibly through inhala-
tion of elemental mercury vapor (that volatilizes from their brick homes
and soil). Children in Huancavelica are especially at risk from soil expo-
sure. The median uptake by a 1-year-old toddler in the U.S. is estimated
to be 100 mg of dirt and dust ingested per day, simply from hand-to-
mouth activity (U.S. EPA, 2008). For this ingestion rate, the daily exposure
for an 11 kg 1-year-old toddler (50th percentile body weight for U.S.
males and females; U.S. EPA, 2008) would exceed EPA's Reference Dose
(RfD) for inorganic mercury (0.3 mg/kg-day; U.S. EPA, 1995b) if the
ingested soil and dust containedmore than 33 mg/kg of solublemercury.
Total mercury concentrations exceeded 33 mg/kg in 55% of the soil sam-
ples and two of the adobe brick samples. It is important to consider that
these ingestion rates and body weights are for U.S. children; children in
Huancavelica and South America in general may have different ingestion
rates and body weights. Not only do children have potentially higher
levels of mercury exposure than adults, but also the likelihood and sever-
ity of adverse health effects are greater as well, as their brains and neuro-
logical systems are still developing (Evans, 1998).

5. Conclusions

The estimated ambient air concentrations of mercury suggest that
there was widespread mercury contamination in Huancavelica during
the colonial period when cinnabar mining and refining were occur-
ring on a large-scale. The comparison of the dispersion model esti-
mates with present-day inhalation reference values for elemental
mercury vapor suggests that the entire community of Huancavelica
was at risk of experiencing adverse health effects. Although the pre-
cise nature of health and neurological effects from mercury exposure
was limited at the time, the historical record contains descriptions
consistent with mercury poisoning (Robins, 2011; Robins and
Hagan, 2012).

The estimated atmospheric concentrations of mercury from the
colonial period were used to explore the extent to which the commu-
nity currently residing in Huancavelica is exposed to mercury con-
tamination from historical mining and refining operations. The
AERMOD dispersion model estimates were used as a first approxima-
tion of the distribution of present-day concentrations of mercury in
soil in Huancavelica. Average total mercury soil concentrations in
Huancavelica ranged from 1.75 mg/kg to 698 mg/kg, 20 to 70,000
times greater than background soils in Sucre, Bolivia. These concen-
trations are among the highest mercury concentrations reported in
surface soils, including in other locations of mercury mining and
use. The estimated historical concentrations of mercury vapor will
be used with the total mercury concentrations in present-day soil to
guide a comprehensive evaluation of present-day mercury exposure,
and associated health risks, in Huancavelica.
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